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Electromagnetically induced transparency in alkali atoms integrated
on a semiconductor chip
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California 95064
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We analyze the integration of electromagnetically induced transparency in alkali atoms on a
semiconductor chip. We propose the use of antiresonant reflecting optical waveguides with hollow
cores to realize the necessary waveguiding capability and optical mode areas of a few square
micrometers. We derive the scaling laws and limitations for the reduction in group velocity and
single-photon phase shifts as a function of waveguide dimension. We show that miniaturization
leads to a large enhancement of single-photon cross-phase modulation, despite the presence of
additional limitations due to coherence dephasing and waveguide loss. © 2005 American Institute
of Physics. 关DOI: 10.1063/1.1853528兴
Electromagnetically induced transparency 共EIT兲 is an
optical quantum interference effect that leads to dramatic
changes in the optical properties of a medium.1 These effects
are typically observed in the three-level ⌳-scheme shown in
Fig. 1. Application of a probe 共Rabi frequency ⍀ P兲 and a
strong coherent coupling field 共⍀C兲 between levels 兩1典, 兩2典,
and 兩3典 as shown creates a dark state1 and results in linear
quantum interference effects 共transparency of an otherwise
opaque medium,1 lasing without population inversion,1 and
slow and stopped light2,3兲. Nonlinear effects such as fourwave mixing,1 and sum-frequency generation4 can be significantly increased by the quantum interference. Figure 1 shows
the specific example of cross-phase modulation.5 The application of an additional signal field 共⍀S兲 on the 兩2典-兩4典 transition leads to enhanced Kerr nonlinearities that result in
strong and observable interaction between single photons.5
Harnessing the magnitude of EIT effects in an integrated
platform has obvious advantages that include robustness,
easy alignment, and the possibility of multiple cells on the
same device. Various approaches towards integrated EIT
have been taken. Induced transparency in III-V semiconductors was demonstrated,6 but large coherence dephasing rates
led to small effects. Results in doped crystals are
impressive;7 however, these materials are not suitable for
integrated optical devices. Another approach is, therefore, to
build alkali vapor cells on a chip in order to combine the
large effects in atomic vapors with the advantages of semiconductor technology. Cesium cells with dimensions on the
order of millimeters have recently been fabricated with the
goal of utilizing dark-state resonances for atomic clocks.8
However, while this approach implements the advantages of
integration just described, it still relies on bulk optics and
collimated beams. A fully integrated optics approach, on the
other hand, would take advantage of optical waveguiding for
obtaining small mode areas on the order of a few m2 over
macroscopic distances on the order of centimeters. Small
mode areas lead to significant enhancement of nonlinear effects that depend on the intensity of the applied fields.5,9 As
a兲
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a representative example, the phase shift due to cross modulation in the scheme of Fig. 1 can be expressed as a function
of mode area A as5
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where N is the atomic density, the ij are the dipole matrix
elements of the respective transitions, PS is the power of the
signal pulse, and L is the length of the medium. The benefit
of maximizing L and minimizing A is evident and provides
the motivation for using integrated optics to optimize nonlinear EIT effects at or near room temperature for potential
applications.
The purposes of this letter are the following. First, we
propose a way of implementing EIT in hot alkali vapor on a
semiconductor chip using antiresonant reflecting optical
ARROW waveguides with hollow cores. Second, we consider and derive the scaling limits for these integrated devices as a function of the cell 共waveguide兲 dimensions for
both linear and nonlinear EIT effects, using cross-phase
modulation as an example for nonlinear optics.
Conventional index waveguiding cannot be used to realize integrated EIT because the phase index at the EIT resonance is one. Here, we propose the use of ARROW
waveguides with hollow cores for integration of EIT in Rb
atoms. These waveguides work by using highly reflecting

FIG. 1. EIT scheme. Levels 兩1典-兩3典 form ⌳-scheme for EIT. A signal field
共⍀S兲 on the 兩2典-兩4典 transition induces enhanced cross phase modulation of
the probe field 共⍀ P兲. ⍀C: coherent coupling field, ␥i: decay rates.
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FIG. 3. Solid line: Minimum achievable group velocity as function of EIT
cell dimensions. Dashed line: Values observed in bulk experiment 共Ref. 2兲.
FIG. 2. SEM image of fabricated hollow-core ARROW waveguide after
关10兴 共hollow core: 12 m by 3.5 m兲. Inset: Image of observed ARROW
mode in air core at output facet.

high-index multilayer claddings around a low index core.
Using conventional silicon microfabrication, we have recently demonstrated low-loss propagation at 785 nm over
macroscopic distances in ARROW waveguides with air
cores.10 A scanning electron microscope 共SEM兲 image of the
waveguide is shown in Fig. 2 and the inset shows the observed propagating 共single兲 optical mode with an area 共full
width at half maximum兲 of 6.7 m2. This is a close match to
the atomic absorption cross section of Rb: 24 = 32 / 共2兲
= 0.3 m2. Losses of a few cm−1 were observed in
waveguides up to 1 cm in length. A vapor cell suitable for
EIT measurements can be built by filling and sealing an ARROW waveguide using a similar approach as in Ref. 8 and
by coating the walls with paraffin to reduce coherence
dephasing 共see subsequent discussion兲. ARROW waveguides
with hollow cores represent the first feasible approach to
building room-temperature integrated devices based on EIT.
They also offer the potential to build multiple EIT cells on
one chip and to realize curved beam paths.
Next, we focus on assessing realistic performance limits
for such devices, both for linear 共slow light兲 and nonlinear
共cross-phase modulation兲 EIT. Two effects, in particular,
need to be considered that distinguish integrated from bulk
EIT: the size dependence of the coherence dephasing rate ␥12
and the limiting effect of waveguide losses ␣WG. For practical operation at room temperature or above and to avoid
limitations due to Doppler broadening ⌬D, the dephasing rate
␥12 sets a lower limit for the coupling Rabi frequency via
⍀C2 艌 3␥12共␥3 + ⌬D兲. ⍀C in turn determines the achievable reduced group velocity2 as

vg =
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,
3N2
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共2兲

where ␥r is the radiative decay rate of the atomic transition.
To find the size dependence of ␥12, we consider a cylindrical
Rb cell with length L, cross section A, coated walls, and an
inert buffer gas, the latter two of which reduce the probability of dephasing events. The dephasing rate is given by11

␥12 =

p
3
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共3兲

where nC is the number of wall collisions until dephasing
occurs, p 共p0兲 is the buffer gas 共atmospheric兲 pressure, D0 is
the Rb diffusion constant at p0, N0 is the number of buffer
gas molecules at p0, 2 is the cross section for Rb buffer gas
collisions, and vr is the relative velocity of Rb 共for typical
values see Fig. 3兲. The size dependence is introduced in the
first term, which describes the effect of wall collisions. The
resulting behavior of the group velocity as function of the
cell dimensions is shown in Fig. 3. The dashed horizontal
lines represent the values measured in the bulk experiment.2
Two regimes are observed. For conventional bulk cells with
dimensions larger than a few 100 m, dephasing rates are
determined by buffer gas collisions and result in size independent group velocities. For truly integrated EIT cells, collisions with the walls lead to increasing dephasing rates and
group velocities proportional to the reciprocal area A. However, the group velocity reduction is still sizable 共⬍300 m / s
for a 10-m-diameter cell兲. We point out that in principle,
another laser field can be used to trap the atoms within the
core and eliminate wall collisions. However, excessively
large laser powers would be required.
Finally, we consider the size dependence of the phase
shift ⌽1 due to cross-phase modulation by a single signal
photon as an example for nonlinear EIT effects that benefit
most from using integrated optics. We include the following
limiting nonidealities: dispersion, coherence dephasing,12
two-photon absorption,12 and waveguide loss. Without loss
of generality, we assume pulse widths of T = 1 s and a signal detuning of ⌬24 = 10␥4 which exceeds the Doppler
broadening. The dispersion limit arises from walkoff between the slow probe and the fast signal pulse and is given
by ⌽1 = 24 / 共40A兲, where 24 is the absorption cross section
of the 兩2典-兩4典 transition.9 Finite coherence dephasing ␥12,
two-photon absorption, and waveguide loss limit ⌽1 because
they result in residual probe absorption which determines the
available length for nonlinear interaction before the pulse has
been absorbed. The absorption coefficients for dephasing and
two-photon loss are given by

␣d =

2
N13
␥12
,
0ប ⍀2c

共4兲
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FIG. 4. Limitations of single-photon Kerr phase shift versus EIT cell diameter due to two-photon absorption 共dashed line兲, dephasing-induced absorption 共dash-dotted line兲, waveguide loss 共circles兲, and dispersion 共solid line兲,
respectively.
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respectively.
The waveguide loss can be calculated from simulations
of the ARROW waveguides shown above and increases as
the core dimensions are reduced as ␣WG ⬃ R−3.10 For all three
mechanism, we assume an acceptable absorption-length
product of ␣iLi = 0.1 to determine Li. We then use Li to calculate the single-photon phase shift ⌽1 in the linear regime
using Eq. 共1兲. Figure 4 summarizes the resulting attainable
single-photon phase shift ⌽1 in the presence of these limiting
mechanisms. Each line represents the attainable phase shift if
only one of these mechanisms is considered. The main result
is that the dispersion-limited phase shift, which depends inversely on cell area, provides the overall limit down to core
dimensions of a few m. This indicates that integration of
EIT can indeed lead to much larger nonlinear EIT effects
than bulk cells. For example, for a 5 m cell diameter a
phase shift of 10−5 is feasible, which is almost six orders of
magnitude higher than for a cell using a collimated beam
with a few mm diameter. This value is independent of pulse
width and can always be achieved in a cell that is at least as
long as the walkoff length. Two-photon absorption is based
on the same third-order nonlinearity as ⌽1 and displays the
same area dependence. Therefore, ⌽1 / ␣2P is independent of
cell dimension, as seen in Fig. 4. Dephasing and waveguide

loss become the limiting factors for the smallest cell dimensions. Since the dephasing-induced loss ␣d ⬃ ␥12 / ⍀C2 , it becomes independent of area in the wall-collision limited
range. Consequently, the phase shift scales only with signal
pulse width as ⌽1 ⬃ 1 / T. One main conclusion is, therefore,
that for cell sizes where the phase shift appears dephasing
limited, the dispersion limit can be reached by using shorter
pulses so that the walkoff length is less than Ld. We remark
that the waveguide losses shown here are not a fundamental
limit as they can be further reduced by improved design.
They do, however, limit the possible improvement over the
dispersion limit by using group velocity matching for the
signal pulse as suggested by Lukin and Imamoğlu.13
In summary, we have analyzed integration of EIT in alkali atoms on a semiconductor chip. The capability to confine the optical modes in hollow-core waveguides with dimensions on the order of 10 m leads to significant larger
nonlinear EIT effects than in bulk or millimeter-sized cells.
Hollow-core ARROW waveguides compatible with silicon
microphotonics can provide the required waveguiding and
mode confinement. They are a promising approach to utilizing the power of EIT effects for studying fundamental photon interaction limits and for applications such as light buffering and information storage.14
The authors acknowledge fruitful discussions with D.
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